Introduction
============

Cycloarylenes such as cycloparaphenylenes (CPPs) have attracted interest due to their unique structure, remarkable physical properties, and potential applications in materials science.[@cit1]--[@cit4] The remarkable characteristics of CPPs are often derived from their curved π-conjugated systems. Recently, Yamago and co-workers reported two C--C σ-bond cleavages of \[5\]- and \[6\]CPPs with a platinum salt[@cit5] driven by their internal strain energy[@cit6] (the values are significantly higher than those of cyclopropane).[@cit7] In organic chemistry, a molecule experiences strain when the molecule is held in an energetically unfavorable conformation by intramolecular covalent bonds in comparison to a strain-free reference compound.[@cit8] After cutting off the particular bonds, the strain energy would be released. Ring strain is a type of instability that results from a combination of angle strain (Baeyer strain), torsional strain (Pitzer strain), and transannular strain known as van der Waals (or Prelog) strain.[@cit9] Angle strain occurs to achieve maximum bond strength in a specific conformation in which the bond angles deviate from the ideal bond angles. The potential energy and unique bonding structure present in the molecules with ring strain can be used to drive reactions in organic synthesis. Examples of such reactions are small ring opening reactions, photo-induced ring opening of cyclobutenes and nucleophilic ring-opening of epoxides.[@cit10]--[@cit12] Strain-induced C--C bond activation with transition metals has been long known.[@cit13] As another type of example, spherical sp^2^ carbons in fullerenes tend to react as electrophiles.[@cit14] The driving force is the release of strain when double bonds become saturated.

Here we report the synthesis and reactivity of a remarkably strained cyclopyrenylene trimer **CP3** ([Scheme 1](#sch1){ref-type="fig"}). Since the first synthesis of diphenylethers by Cook in 1901,[@cit15] almost all biaryl ether syntheses so far developed have relied on the Williamson-type nucleophilic aromatic substitution. The only exceptions are the metal-mediated oxidation reactions of biphenylenes ([Scheme 1](#sch1){ref-type="fig"}).[@cit11] In this work, direct oxygen atom insertion into a biaryl C--C σ-bond is achieved for the first time under ambient conditions without any aid of metal agents.

![General biaryl ether synthesis, metal-mediated oxidation of a biphenylene, and direct oxygen insertion into a highly strained C--C σ-bond.](c9sc01777a-s1){#sch1}

Results and discussion
======================

Synthesis and structural characterization
-----------------------------------------

Macrocyclic arylene **CP3** was synthesized by a Ni-mediated coupling reaction of 1,8-dibromo-4,5-dipropoxypyrene[@cit16] according to reported procedures.[@cit17]--[@cit19] We performed a one-pot macrocyclization reaction of the dibromopyrene with Ni(cod)~2~/2,2′-bipyridine in a mixture of toluene and DMF (76.0 mM). **CP3** was successfully isolated from higher oligomers using silica gel and gel permeation chromatography in 3.5% yield.

High-resolution matrix-assisted-laser-desorption/ionization spiral time-of-flight mass spectroscopy (HR-MALDI-TOF-MS) detected the parent ion peak at *m*/*z* = 948.4384 (calcd for C~66~H~60~O~6~ = 948.4383 \[M\]^+^). The ^1^H NMR spectrum of **CP3** in CDCl~3~ reveals only a single set of signals that consists of one singlet peak at 6.99 ppm due to protons at the 9,10-positions and two doublet peaks at 8.60 and 8.67 ppm due to protons at the 2,7- and 3,6-positions, respectively. These data indicate that the cyclic pyrene **CP3** adopts a *D*~3h~ symmetric structure in solution.

The structure of **CP3** has been unambiguously revealed by X-ray diffraction analysis.[@cit20] The smoothly curved pyrene 1 and pyrene 3 in [Fig. 1a](#fig1){ref-type="fig"} were held with a small torsion angle (19.5(6)°), which stands in marked contrast to conventional perpendicular 1,1′-linked pyrene dimers.[@cit21] The π-orbital axis vector (POAV) angles, the degree of the pyramidalization of trigonal carbon atoms,[@cit22] were calculated based on the crystal structure ([Fig. 1b](#fig1){ref-type="fig"}). Two of the largest POAV values (4.88° and 4.04°) were found at C(1) and C(54) atoms, respectively, but these angle strains are not as high as those of C~60~ (11.64°) and \[6\]CPP (6.10°).[@cit23] It is noticed that the C(1)--C(54) bond length of the curved bipyrene unit is 1.546(5) Å, being distinctly longer than that of the normal C~Ar~--C~Ar~ bond (av. 1.49 Å).[@cit24] Surprisingly, the distance between C(13) and C(56) atoms (10,10′-positions) of the coplanar bipyrene is 2.88 Å, much shorter than the sum of van der Waals radii of carbon atoms (*ca.* 3.40 Å), thus resulting in the negative Gaussian curvature[@cit25] of two encountered six-membered rings with transannular strain ([Fig. 1b](#fig1){ref-type="fig"}). In total, the ring strain affects the elongation of the C(1)--C(54) σ-bond. The conformation of the coplanar bipyrene unit has the same shape as a rotational transition state of binaphthyl *via* the *syn-Cs* form,[@cit26] letting us easily imagine its high energy state.

![Single crystal X-ray structure of **CP3** and selected distances, angles and POAV values. (a) ORTEP drawing (50% probability) of the top view and (b) ball-and-stick model of the side view. Two six-membered rings with negative Gaussian curvature are shown in pink.](c9sc01777a-f1){#fig1}

Photophysical properties
------------------------

**CP3** absorbs UV-vis light with an absorption maximum at 505 nm, and emits fluorescence at 599 nm with a quantum yield of *Φ*~F~ = 0.34 at 298 K along with a small short wavelength emission (*vide infra*) ([Fig. 2](#fig2){ref-type="fig"}). Curiously, this red-shifted emission of **CP3** is much longer than that of the pyrene excimer (*λ*~max~ = 475 nm in hexane)[@cit27],[@cit28] and any fused pyrene dimers (*λ*~max~ = up to 525 nm; [Chart 1b--d](#cht1){ref-type="fig"}).[@cit29]--[@cit33] Most importantly, this is even longer than that of the completely fused corresponding pyrene trimer (*λ*~max~ = 530--570 nm, [Chart 1e](#cht1){ref-type="fig"}).[@cit34] To the best of our knowledge, this is the most red-shifted emission among all pyrene-based fluorophores besides acetylene-linked cyclic trimers and tetramers.[@cit16] These properties result from the intensive electronic interaction between pyrene units in the highly strained structure.

![(a) UV-vis (solid line) and fluorescence (broken line) spectra of **CP3** (in red) along with those of 4,5-dipropoxypyrene (**P1**) (in black) in CH~2~Cl~2~, \[**CP3**\] = 1.5 × 10^--5^ M. Fluorescence spectra were recorded for excitation (*λ*~ex~ = 346 nm for **P1**, *λ*~ex~ = 395 nm for **CP3**) with the absorbance adjusted to 0.1.](c9sc01777a-f2){#fig2}

![](c9sc01777a-c1){#cht1}

DFT calculations
----------------

To further understand these unusual electronic features, density functional theory (DFT) and time-dependent (TD)-DFT calculations both at the B3LYP-D3/6-311G(d,p)//B3LYP-D3/6-31G(d) level including the SMD solvation model with a dielectric constant of dichloromethane were carried out ([Fig. 3](#fig3){ref-type="fig"} and the computational details are provided in the ESI[†](#fn1){ref-type="fn"}).[@cit35] The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are non-degenerative and the coefficient distribution in these frontier MOs appears delocalized over pyrenes 1 and 3. The longest band of **CP3** at 548 nm mainly comprises the transition from high HOMO (--5.00 eV) to low LUMO (--2.37 eV) relative to a linear pyrene trimer **P3** (HOMO: --5.31 eV, LUMO: --1.89 eV, Fig. S20[†](#fn1){ref-type="fn"}) with the oscillator strength, *f* = 0.279. The red-shifted absorption and emission were predominantly achieved by the stabilized LUMO relative to **P3**, which is caused by the π\*--π\* conjugation between C(13) and C(56) atoms. The transition energies and oscillator strengths simulated by TD-DFT showed good agreement with the observed absorption spectrum (Fig. S18[†](#fn1){ref-type="fn"}).

![MO diagrams of **CP3** and **CP3O** based on calculations at the B3LYP-D3/6-311G(d,p)//B3LYP-D3/6-31G(d) including the SMD solvation model. Propyl groups were replaced by Me groups.](c9sc01777a-f3){#fig3}

C--C σ-bond cleavage by oxidation
---------------------------------

Meanwhile, we found that the short wavelength emission gradually enhanced under ambient conditions. We measured fluorescence spectral changes under room light in CH~2~Cl~2~ ([Fig. 4](#fig4){ref-type="fig"}). The fluorescence of **CP3** clearly indicates a new peak at 480 nm with the isosbestic point at 553 nm, from which a 1 : 1 transformation was expected. The color of the emission drastically changes from orange to light blue ([Fig. 4](#fig4){ref-type="fig"} inset). From the time profile, we have determined the half lifetime to be 18 h.

![Fluorescence spectral change of **CP3** under room light in CH~2~Cl~2~. Insets are photos of the solution (CH~2~Cl~2~) and solid of **CP3** and **CP3O** under UV irradiation.](c9sc01777a-f4){#fig4}

After 78 h, **CP3** was completely transformed. The structure of the product was initially characterized by ^1^H NMR spectroscopy. In the ^1^H NMR spectrum, 9 peaks in the aromatic region appear and the protons at the 10,10′-positions of the coplanar pyrene rings are significantly deshielded from *δ* = 6.99 ppm to 8.90 ppm as a doublet (d, *J* = 10.0 Hz). All these spectra are consistent with the product having *C*~2v~ symmetry, lowering from *D*~3h~. HR-MALDI-TOF-MS of the product detected a **CP3** + 16 mass unit at *m*/*z* = 964.4347 (calcd for C~66~H~60~O~7~ = 964.4334 \[M\]^+^), suggesting the insertion of one oxygen atom.

The structure was finally determined by single crystal X-ray diffraction analysis ([Fig. 5](#fig5){ref-type="fig"}).[@cit20] The product has an arched structure with an oxygen atom between two pyrenes, thus revealing that the cyclic ether **CP3O** was quantitatively formed.[@cit36] All the structural parameters suggested that the ring strain is no longer involved, predicted from the atom--atom distances and torsion angles ([Fig. 5](#fig5){ref-type="fig"}). The larger dihedral angles make the electronic interactions between pyrenes weak, resulting in a blue-shifted absorption and emission spectra with *Φ*~F~ = 0.54. The reaction is sensitive to the solvent and proceeded smoothly in CH~2~Cl~2~ and CHCl~3~. We confirmed that the oxygen atom originates from molecular oxygen by reacting in H~2~^18^O saturated CH~2~Cl~2~ to generate **CP3^16^O**. No C--C bond activation occurred without light, thus indicating that ^1^O~2~\* (^1^Δ~g~) reacts with **CP3**. To confirm the presence of singlet O~2~ derived from the excitation of **CP3**, we performed singlet O~2~ sensitization and measured the emission signal (*λ*~em~ = 1274 nm) upon selective excitation of **CP3** at *λ*~ex~ = 515 nm in O~2~-saturated CH~2~Cl~2~ (Fig. S17[†](#fn1){ref-type="fn"}). The quantum yield of singlet oxygen production (*Φ*~Δ~) determined with respect to *Φ*~Δ~ = 0.60 for tetraphenylporphyrin (TPP)[@cit37] is 0.33 at 298 K. Although the pyrene monomer is known as an efficient sensitizer for O~2~ with high *Φ*~Δ~,[@cit38] it can absorb only UV light ([Fig. 2](#fig2){ref-type="fig"}). The absorption spectrum of **CP3** shows red-shifted broad bands up to *ca.* 600 nm, so the singlet O~2~ could be generated by room light.

![Single crystal X-ray structure and selected distances, angles and POAV values of **CP3O**. The thermal ellipsoids are shown at 25% probability. One of the two identical molecules in the crystallographic asymmetric unit of **CP3O** is shown.](c9sc01777a-f5){#fig5}

The strain energy of **CP3** has been estimated on the basis of a homodesmotic reaction using **CP3**, dimer **P2**, and trimer **P3** ([Scheme 2](#sch2){ref-type="fig"}).[@cit38] By using the heat of formation (Δ*H*) of the optimized structures of **CP3**, **P2**, and **P3**, the strain energy of **CP3** was obtained as 251 kJ mol^--1^ (Fig. S20[†](#fn1){ref-type="fn"}). This is a higher strain energy per unit in comparison to \[7\]CPP.[@cit39]

![A hypothetical homodesmotic reaction for the calculation of strain energies of **CP3**. Propyl groups were replaced by Me groups.](c9sc01777a-s2){#sch2}

Investigation of the reaction mechanism by DFT calculations
-----------------------------------------------------------

To elucidate the mechanism of C--C activation of **CP3**, the reaction pathway starting from **CP3** and a singlet oxygen molecule was explored using an automated reaction path search method, called the artificial force induced reaction (AFIR) method, combined with the DFT level of theory. As shown in [Scheme 3](#sch3){ref-type="fig"}, the bond formation between C(1) (or C(54) in [Fig. 1](#fig1){ref-type="fig"}) and oxygen took place without a barrier to form intermediates **INT1** or **INT2**, followed by C--O bond formation with another **CP3** affording **INT3**. As shown in Fig. S22 and S23,[†](#fn1){ref-type="fn"} the negative charge localized on the peroxide moiety in **INT3** caused the partial occupancy of the σ\* orbital of the peroxide moiety, which induced the decrease of the O--O bond order, *i.e*. O--O bond cleavage. After the formation of two neutral intermediates, **INT4**, the intramolecular rearrangement proceeded *via* a three-center transition state, which afforded the final product **CP3O**. The high exothermicity could be attributed to the release of strain upon transformation from **INT4** to **CP3O**.

![Gibbs free energy profile (Δ*G* in kJ mol^--1^) of the formation of **CP3O** starting from **CP3** and a singlet oxygen molecule. The enthalpy differences are shown in parentheses. Propyl groups were replaced by Me groups. All the calculations were carried out at the B3LYP-D3/6-311G(d,p)//B3LYP-D3/6-31G(d) level including the SMD solvation model. Computational details and geometries are shown in the ESI.[†](#fn1){ref-type="fn"}](c9sc01777a-s3){#sch3}

C--C σ-bond cleavage by sulfidation
-----------------------------------

Finally, the transformation of **CP3** into a cyclic thioether was also examined by using Na~2~S·9H~2~O as a reagent ([Scheme 4](#sch4){ref-type="fig"}). Treatment of **CP3** with Na~2~S·9H~2~O in DMF at 80 °C for 72 h gave a sulfur inserted cyclic trimer **CP3S** in 67% conversion yield. **CP3S** exhibits light green emission with *Φ*~F~ = 0.44. This is also the first direct sulfidation of a biaryl C--C σ-bond.[@cit36] Synthesis of biaryl thioethers is considered as a valuable C--C bond activation process because transformations of diaryl sulfides and sulfones to the corresponding biaryl compounds have been developed.[@cit40]

![Sulfur atom insertion into the C--C σ-bond of **CP3**. *R* = ^*n*^C~3~H~7~.](c9sc01777a-s4){#sch4}

Conclusions
===========

In summary, we could isolate a highly strained cyclic pyrene trimer that underwent direct etherification at room temperature. This is the first example of biaryl C--C σ-bond cleavage under metal-free conditions. Because **CP3** is the most bathochromic pyrene, a vivid color change of fluorescence is observed upon oxidation, being advantageous for the use of **CP3** as a fluorescence probe for the imaging of singlet O~2~ with relatively high *Φ*~F~.[@cit41] We revealed that this unusual reactivity originates from the intense intramolecular energy in the highly strained structure. Besides, recently, O-doping of polycyclic aromatic hydrocarbons (PAHs) is emerging as a powerful strategy to tailor the optoelectronic properties of π-conjugated molecular modules.[@cit42] This study presents a new concept for the preparation of potential sensing agents and O-doped PAHs. We would insert other elements into **CP3** by which the optical and electronic properties can be controlled. Such possibilities are now under investigation and will be reported in due course.
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